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A few remarks on Dark Matter (DM) models are presented. An example is Mirror
Matter whih is the oldest but still viable DM andidate, perhaps not in the purest
form. It an serve as a test-benh for other analogous DM models, sine the proper-
ties of marosopi objets are quite rmly xed for Mirror Matter. A pedagogial
derivation of virial theorem is given and it is pointed out that onepts of virial
veloity or virial temperature are misleading for some ases. It is shown that the
limits on self-interation ross-setions derived from observations of olliding lusters
of galaxies are not real limits for individual partiles if they form marosopi bodies.
The eet of the heating of interstellar medium by Mirror Matter ompat stars is
very weak but may be observable. The eet of neutron star heating by aretion
of M-baryons may be negligible. Problems of mahos as Mirror Matter stars are
touhed upon.
1. INTRODUCTION
Dark Matter (DM) remains one of the main puzzles in modern physis and astrophysis.
In this paper I have olleted a few notes on one DM andidate, namely, Mirror Matter. I
do not attempt to give a full review on the subjet: only some omments on Mirror Matter
properties from the point of view of astrophysis are put forward. The omments may be
useful for partile physiists working on new models for DM, e.g. from hidden setor, beause
Mirror Matter serves as an example of the model, where not only partile properties, but
also the properties of marosopi objets are quite rmly xed and well known.
*
Eletroni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22. DARK MATTER MANIFESTATIONS
If Newton-Einstein's law of gravity is not modied at large sales, then DM manifests
itself in many irumstanes.
First, in 1933, Fritz Zwiky has disovered virial paradox in Coma luster of galaxies [1℄:
veloities of galaxies, ugal, are on average muh higher there than an be expeted from an
estimate of gravitational potential using only the mass of visible matter, Mvis:
u2gal ≫ u2vir ∼
GNMvis
R
.
We will disuss below more aurate formulation of the virial theorem, and dangers of using
notions like the virial veloity (uvir in the above expression) in some situations. But here
the disrepany is real. Zwiky immediately suggested the presene of dunkle Materie [1℄,
i.e. the Dark Matter to remove the disrepany.
Very soon, just after the paper by Einstein [2℄ on gravitational lensing (already disussed
by Chwolson [3℄ for ordinary stars), Zwiky has proposed that the presene of DM an be
tested by the eet of gravitational lensing [4, 5℄: this what we all now marolensing. It is
interesting to note that the idea was suggested to Zwiky by Vladimir Zworykin  the Father
of television. (Zwiky writes in [4℄ that Zworykin has got the idea from R.W.Mandl, but I
ould not nd a referene to any paper by R.W.Mandl on that.) Many wonderful examples
of marolensing are known now, like multiple images of distant quasars and galaxies, and
they all show that the mass of the lens (an intervening luster of galaxies) must be muh
larger than the mass of visible omponent in the lens (again, if general relativity gives the
true desription of gravity at relevant distanes). The lensing on early stages of researh was
also disussed by Tikhov [6, 7℄. Other tools, important espeially for ompat dark objets,
like mirolensing were developed later [814℄, see a review in [15℄.
Very important for DM studies is the dynamis (e.g. rotation urves) of galaxies, also rst
proposed by Zwiky in 1937 [16℄. Real measurements of missing mass growing with radius
in M31 (Andromeda) galaxy have been performed already at that time [17℄. But Zwiky's
seminal ideas and papers were almost forgotten, and redisovery of DM ourred only four
deades later, in 1970s. Then it was muh more popular in USSR, than in the West, where
it was aepted only after strong resistane, see the review by Einasto [18℄.
New evidene in favor of DM ame from disovery of huge amount of X-ray emitting gas
in lusters of galaxies. Mass of this gas is order of magnitude larger than the total visible
3mass of galaxies, but still not suient to resolve the virial paradox. The temperature of
the gas, T ∼ a few keV, orresponds to the veloity of protons of the same order as relative
veloities of galaxies ugal in a luster. The hot gas annot be trapped by the gravity of visible
baryons, and this also points to the need of DM.
More detailed history of DM disovery see in [1821℄.
Probably, the most important manifestation of DM is its inuene on struture forma-
tion. A homogeneous universe in Friedmann solutions ontains no galaxies or lusters  no
strutures. Matter in Universe was initially almost uniform, with small perturbations left
after ination [2229℄ (or another initial stage, e.g., in yli senarios [30℄). After the reom-
bination gravity enhanes the density ontrast, leading to the formation of strutures when
the self-gravity of an over-dense region beomes large enough to deouple the blob of matter
from the overall expansion. Cosmi Mirowave Bakground (CMB) utuations tell us that
perturbations in density of baryons at epoh of reombination at redshift z = zrec ∼ 103
were on the level of 10−5. They an grow only as the sale-fator a ∝ (1 + z) aording to
the Lifshits theory of growth of small perturbations in an expanding universe. Thus, now,
at z = 0, we would get not more than 1% utuations of density, ontrary to the observed
struture.
DM partiles an have larger amplitude of density perturbations and they begin to form
strutures earlier, while the baryoni matter is overwhelmed by photon pressure until the
time of reombination. If DM dominates in gravity, the dark matter boost is provided for
struture formation in visible matter, see e.g. [31, 32℄.
3. DARK MATTER CANDIDATES AND MIRROR MATTER
Current estimates of the fration of DM in the average density of Universe are around
25% (assuming standard gravity), while baryons annot ontribute more than a few perent
as found from abundanes of light elements in primordial nuleosynthesis [33℄ and analysis
of CMB [34℄.
If Dark Matter is real and non-baryoni, the most aute question is: What is DM made
of? A lear and onsize introdution to possible DM andidates is foind in G.Raelt's
reviews [35, 36℄. From the last one, at The Dark Universe onferene, Munih, May 2004,
one an point out a few probable models for DM.
4 Supersymmetri partiles  neutralino for heavy WIMPs (weakly interating massive
partiles), or gravitino for lighter ones and their lusters.
 Axion-like partiles and objets made of those partiles.
 Mirror Matter partiles and objets [37℄. This is not so popular now as a DM model,
but atually it is the oldest proposed andidate.
In spite of years of intensive searh for WIMPs, nothing yet is disovered in laboratory!
That is why Mirror Matter ≡ MM is still a viable Dark Matter andidate: MM partiles
in the simplest MM model interat with ordinary matter only gravitationally (if we do
not involve weak eletromagneti oupling like in [38℄), and they an not be deteted in
laboratory experiments.
Neutralino and axions have eletromagneti interations (on weak sale). MM in pure
form has no eletromagneti (or other standard model) interations with Ordinary Matter
≡ OM, only gravity. MM has analogs of all our interations within Mirror setor. There
are also models with slightly broken Mirror symmetry whih have weak eletromagneti
oupling to OM.
Hypothesis on existene of invisible (or Dark) Mirror Matter was put forward by Kobzarev,
Okun and Pomeranhuk in 1966 in the paper On the possibility of observing mirror par-
tiles [37℄ after the disovery of P- (1956) and CP-parity non-onservation (1964), when
the mirror asymmetry of visible matter had beome obvious. They have onsidered possible
onsequenes of existene of matter whih is mirror relative to our matter.
The history is often distorted in modern revues: Lee and Yang [39℄ introdued a onept
of right-handed partiles, but their R-matter was not hidden!  as some of reent papers
laim, e.g. [40℄. An exat itation from [39℄ reads:
. . . the interation between them is not neessarily weak. For example, pR and pL ould
interat with the same eletromagneti eld and perhaps the same pion eld. They ould
then be separately pair-produed, giving rise to interesting observational possibilities.
Kobzarev, Okun and Pomeranhuk [37℄ have shown that ommon eletromagneti and
strong interation of O and M partiles are not allowed, this would ontradit experiments.
They demonstrated that only gravity and very weak interation were possible between the
two kinds of partiles. So, it was shown that Mirror Matter lies in the hidden setor for
the rst time in [37℄. The hidden world of Mirror Matter has the same mirophysis as the
5visible one. The term Mirror Matter was introdued rst time also in [37℄: it was taken
by the authors from the book by Lewis Carroll Through the Looking-Glass.
Another important paper by L.B. Okun, On the searh for new long-range fores, [41, 42℄
disussed other DM forms. The idea of MM searh by the eet of gravitational lensing was
also put forward in [41, 42℄.
Our papers with M.Yu.Khlopov On possible eets of `mirror' partiles [4347℄ began
systemati studies of astrophysis of MM as a form of DM.
After [37℄ about 300 papers have been published (among them e.g. Z.Berezhiani, R.Foot
were very ative, e.g. [4850℄), an extensive review of the literature on the subjet is written
by Okun [51℄. More reent (brief) review by Z.K. Silagadze has an intriguing title Mirror
dark matter disovered? [52℄. However, to remove the question mark in this statement
would be premature: Mirror world is still hidden from us.
4. VIRIAL PARADOXES
The disovery of DM by Zwiky was based on virial theorem. Here I derive the virial
theorem and show that for some DM andidates its appliation is not trivial. We have for
energy E of a stationary state for a system with Hamiltonian H
δE
tot
≡ δE = δ〈H〉 = 0
in the rst order of perturbation of its wave funtion δψ, i.e. the variational priniple in
quantum ase. This is a starting point for seeking for the estimates of the ground state energy
of quantum systems using trial approximation funtions for ψ in standard appliations of
the variational priniple. More interesting for us is the virial theorem. Compare the text
below with derivation of virial theorem by Fok [53℄ in a quantum system, here I present it
for a partiular N-body problem with Coulomb potential.
Let us take a perturbation of the form:
ψ + δψ = α3N/2ψ({α~ri}), i = 1, . . . , N,
so the wave funtion is uniformly hanged for all 3N spae oordinates. The oeient α3N/2
is from normalization to unity. Note, that α > 1 here orresponds to the ompression of the
whole system.
6Shrodinger equation:
ı~
∂ψ
∂t
= Hψ
with
H = −
∑
j
~
2
2mj
(∇2ψ) + Uψ
gives after averaging
〈H〉 = 〈Ekin〉+ 〈U〉.
Now we have after the perturbation:
〈Ekin〉 → α2〈Ekin〉
beause for non-relativisti (NR) partiles, Ekin ∝ p2 ∝ 1/λ2, i.e.
∂2ψ(. . . αxi . . .)
∂x2i
= α2
∂2ψ
∂x2i
.
The variation of U depends on the law of interation. For Coulomb (and Newton!)
interations
〈U〉 ∝
∫ ∑
i 6=k
ψ∗
1
rik
ψ dN~r → α〈U〉.
Thus
〈H〉 → α2〈Ekin〉+ α〈U〉,
and variation of this gives
δ〈H〉 = 2αδα〈Ekin〉+ δα〈U〉 = 0,
so with α = 1 for unperturbed state we nd
2〈Ekin〉+ 〈U〉 = 0.
This is the virial theorem for atomi Coulomb potential and for globular stellar lusters, and
for lusters of galaxies as well! See the use of Shrodinger equation for stellar dynamis in
[54, 55℄.
For all those systems (NR atoms or plasma, NR stars and lusters)
E = 〈Ekin〉+ 〈U〉 = −〈Ekin〉,
so the loss of total energy E orresponds to the growth of the kineti energy 〈Ekin〉. The
same is true for the internal energy of matter if it is in the form of kineti energy of partiles.
7We should remember that we derived this based on the stationary quantum state whih
orresponds to an orbit in a lassial luster. The luster must be in a relaxed (so-alled
virialized) lassial state, i.e. it should be onsidered on a time-sale muh longer than the
orbital period. Otherwise, e.g. on a stage of violent relaxation, the virial theorem annot be
applied.
Now let us onsider non-interating partiles in a potential well. From Shrodinger equa-
tion for NR partiles (and also for lassial objets!), if U ∝ rk, we nd in the same way as
above:
2〈Ekin〉 − k〈U〉 = 0.
If k = −1 we have Coulomb and Newton laws, for k = 2  a harmoni osillator.
The ase k → +∞ orresponds to a hard reeting wall, then 〈U〉 tends to zero relative
to 〈Ekin〉, but the variation of 〈U〉 is always of the same order as the variation of 〈Ekin〉.
Sine the `fore' on the partile is −∇U , we dene pressure P (i.e. the `fore' on unit area,
A = 1, of the wall) so as
δ〈U〉 = PAδx = PδV.
For our variations V → V/α3, and when we express variations of H again through α, we get
2〈Ekin〉 − 3PV = 0,
i.e. the same relation as in lassial derivation when the moments of equation of motion are
averaged in time (see e.g. Kubo's textbook on statistial mehanis).
Thus, we have for pressure in NR ase:
P =
2
3
ε
so
Ekin = Ethermal =
3
2
∫
PdV .
Important for us is also an extremely relativisti (ER) ase [53℄: Ekin ∝ p ∝ 1/λ, then
〈Ekin〉+ 〈U〉 = 0.
For ER ase:
P =
1
3
ε
8and
Ekin = Ethermal = 3
∫
PdV .
and from virial theorem in both NR and ER ases we have got
3
∫
PdV + 〈U〉 = 0 .
Of ourse this relation is valid for arbitrary P = P (ε) and its derivation an be found in
standard textbooks.
Now let us disuss why it is dangerous sometimes to use the virial theorem and to rely
on Tvir and vvir for DM partiles with long-range interations.
For U ∼ −GNM2/R, omitting all oeients of order unity, we nd that pressure and
density in the enter of a spherial loud of mass M and radius R are:
Pc ≃ GNM
2
R4
, ρc ≃ M
R3
.
and we have
Pc ≃ GNM 23ρ4/3c .
So, if we have a lassial ideal plasma with P = RρT/µ, where R is the universal gas
onstant, and µ  mean moleular mass, we get
Tc ≃ GNM
2/3ρ
1/3
c µ
R .
With µ ≃ 1 for hydrogen-helium fully ionized plasma we get for the Sun Tc ≃ 107 K ≃ 1
keV. This is OK for virial veloity v2vir ∼ ϕ ∼ rg/R⊙ ∼ 10−6 (although
√
2 less than for
neutrals!). The temperature Tc may be alled a virial Tvir for ions, but not for eletrons,
the latter have muh higher veloity than virial, sine they have the same temperature but
muh smaller mass.
The disrepany is muh larger in degenerate stars. E.g. in Sirius B, with its entral
density higher than 107g m−3, we have veloity of eletrons ∼ c (due to high Fermi momenta
in degenerate eletron gas) and veloity of ions tends to zero. They are hot enough to form
a lassial ideal plasma, but T of ourse is quite dierent from the lassial virial value.
This has diret relevane to DM studies. One an imagine a DM andidate like a neutrino
of a few eV mass. It will determine the mass of a luster or super-luster of galaxies [56℄,
but Tvir loses its sense when degeneray beomes important. Situation with long-range
9fores (like, e.g., in models for hidden harged Dark Matter [40℄) is analogous with ordinary
plasma, and neither virial veloity, nor virial temperature are appropriate onepts for DM
andidates of this sort.
This paradoxial onlusion does not mean that the virial theorem is not valid. Simply
its standard derivation, and the formula 3
∫
PdV + 〈Ug〉 = 0, where Ug is the gravitational
potential energy, mask the fat that all other types of potentials must be aounted for.
Inside a star eletrons always have veloity muh higher than uvir, either due to temperature
whih must be equal to that of ions, or due to high Fermi momentum in a old star. So
eletrons tend to y away from the gravitational potential well, and immediately a very small
polarization of plasma ours. Eletrons feel eletrostati eld whih aelerates them muh
stronger than gravity beause of their small mass. Ions feel eletri fore of the opposite
sign whih equilibrates the gravity. With aount of the eletrostati potential, added to the
gravitational potential in the virial theorem, the partiles of dierent sign have veloities of
the right order.
The onept of pressure P has to be used with are as well. In a degenerate dwarf the
pressure of eletrons is muh higher than the pressure of ions, but it annot be said in general
that P desribes the transfer of momentum in ollisions of eletrons and ions, like in lassial
uids: there are no individual ollisions for degenerate partiles. Eletrons annot lose their
momentum: the lower states are all oupied. They are in steady states (without ollisions)
in a potential well of eletri eld with a size of star. Ions may form an ideal gas, or liquid,
or even a rystal and they are supported against the gravity by the volume fore of the same
eletri eld. So P enters here not like a surfae fore on a brik wall, but just as a ux of
momentum per unit time mediated by eletri eld.
5. ACCRETION ONTO M-OBJECTS
Some popular DM andidates like neutralino are not quite dark. They may, e.g., anni-
hilate and produe gamma-rays. Atually, this is one of the most promising way to identify
them in spae.
Pure MM manifests itself via gravity only. The only soure of radiation of O-photons
by an M-star is the aretion of the O-matter. The term aretion denotes here not only
the apture of matter by a star, but the whole omplex of the proesses of gravitational
10
Figure 1. Possible regimes of aretion onto an M-objet moving super-
sonially through O-matter from [43℄:
a) R≪ RA ; HS denotes a head (bow) shok, TS  a possible trailing shok;
the matter is partially aptured and ools down in the potential well of M-
star.
b) R ≈ RA; S is a shok front; the matter is virtually not aptured.
) R > (u/us)RA; WS denotes a weak shok (in general, presumably, may
not form at all); the matter ow is only slightly perturbed, no apture.
interation of the M-star with the surrounding O-medium. MM stars may arete ordinary
matter and one may hope to detet a signal of an unusual areting objet. Early proposals
to searh MM objets along these lines have been put forward in [43, 46, 47℄.
Standard aretion of gas on gravitating enter is desribed by so alled BondiHoyle
Lyttleton (BHL) theory, see the review by R.G. Edgar [57℄ for referenes. Details of aretion
of non-interating partiles on a gravitating enter are onsidered in [58, 59℄.
Aording to the lassial theory of aretion, the gravitating body of mass M eetively
11
aptures the matter within the aretion radius
RA = 2GM/u
2 ,
where u is the veloity of the body's motion through the medium in the supersoni ase, or
the sound speed in the medium, us, in the subsoni ase. We may use very rude estimates
here, so the sound speed is roughly related to the temperature by kT = mu2s. The square
of RA gives the ross-setion ∝ πR2A and the result is essentially the same as for Rutherford
sattering (replaing GM by Ze).
For u > 10 km/s the relative motion is supersoni, sine us ≃ 10 km/s for the temperature
of the medium T ∼ 104 K. Supersoni aretion onto M-star was onsidered qualitatively by
us [43, 46, 47℄. If the radius of a star R is muh smaller than RA, then aretion must be
similar to aretion onto a blak hole or a neutron star but there is no trapping surfae. For
larger radii there are dierent regimes possible, see Figure 1, depending on ratio of the star
radius R and the aretion radius RA.
For a very large radius R there is hardly any hope to detet the emission of the perturbed
gas. So the ase R ≪ RA whih obtains easily for normal stars, and is espeially good for
white dwarfs and neutron stars, is worth to study. This ase must be lose to the BHL
aretion.
For suh a ase G. S. Bisnovatyi-Kogan at al. [60℄ have found a self-similar solution for a
gas with onstant adiabati exponent γ. This solution has some singularities and numerial
results [57℄ show a dierent piture, more similar to our Figure 1a.
Using formulae for aretion rate one an estimate the amount of mixing of O- and M-
matter. From
RA =
2GM
u2
≈ 3× 1014 M
M⊙
1
u26
m,
we get RA about tens a.u. for M = M⊙. If ρ ∼ mpn is the density of the surrounding
medium then maximizing the lassial expression for a rate of aretion we get
M˙ = πR2Aρu ∼ 1012
(
M
M⊙
)2
n
u36
g/s
and for n ∼ 1 m−3 a star aretes 3× 1028/u36 g in 1010 yrs, a bit heavier than Earth mass.
Luminosity of infalling gas is approximately given by
L ∼ M˙ϕ0 ,
12
where ϕ0 is the harateristi value of the gravitational potential in the plae of the stopping
of the infalling matter. If the radius of an areting M-star R is of order of the neutron star
radius, then R≪ RA, ϕ0 ∼ 0.1c2 and L will approah a few perent of Solar luminosity for
a single M-star. Luminosity may be muh higher in a binary of O-M stars, however, the
probability to nd suh a binary is very low [46, 47℄.
It is lear that to disover a MM star by its aretion of ordinary matter is extremely hard.
It is hard even for a single old neutron star made of ordinary visible matter. Nevertheless,
the hanes are not absolute zero. Crude estimates of radiation uxes produed by aretion
onto a MM star (or any other hidden matter star) an be obtained as follows.
Partile number density an reah n ∼ 106 m−3 in moleular louds. It an be higher in
a binary in a young stellar luster. Then for a MM neutron star one gets up to L ∼ 1038
ergs/s at n ∼ 106 m−3. For a MM white dwarf the luminosity L ∼ 1036 ergs/s, but the
number of MM white dwarfs should be muh larger.
It is hard to predit the spetral distribution without detailed omputations. The hardest
part of the spetrum should be determined by the stopping radius (if there is no strong non-
thermal tail). For a neutron star it may go to X-rays. It might be softer for a white dwarf.
But in both ases there is no solid surfae for O-matter in the beginning of aretion. Later,
after aumulation of some amount of ordinary matter, suh a surfae may build up, and
spetrum will hange.
The soft part of the spetrum may be determined by a total area of exited region and
by oherent radio emission. For a blak body and a surfae of 4πR2A this implies Tbb ∼ a
thousand K, and a near IR wave-range for the maximum for this high L ∼ 1038 ergs/s. But
for L ∼ 4× 1031 ∼ 0.1L⊙ the Wien peak is already in sub-mm range.
If we have a sensitivity of 3 mJy then to detet an objet loated at 100 p we need
it to have a luminosity not less than Lν ∼ 1016 ergs/(s · Hz). Thus, an instrument like
RadioAstron may detet an areting MM white dwarf if only ∼ 10−3 of its weak luminosity
at n ∼ 1 m−3 (∼ 0.001L⊙) goes into radio (for ν < 25 GHz). Or muh smaller fration:
10−10  in ase of L ∼ 1036 at n ∼ 106 m−3. This is quite plausible.
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6. HEATING OF NEUTRON STARS BY MM
Now let us onsider an opposite ase: aretion of MM onto an O-star. It should have
quite similar patterns of ow as in Figure 1 hanging the avours of partiles aordingly.
Eets of trapping MM by O-stars were disussed in our old papers [43, 46, 47℄.
An interesting eet is disussed in paper [61℄: one an think that neutron stars apturing
mirror matter ould be heated at the order of 100 MeV per mirror baryon. The ause of the
heating an be asribed to the neessity to emit the exessive binding energy: after aretion
the nal state has more mirror baryons than the initial state, the number of ordinary baryons
is onstant, but the energy per ordinary baryon is lower. Eetively the O-baryons fall into
a deeper potential well.
I show that the number of 100 MeV per mirror baryon in heating is a strong overestimate.
During the proess of aretion of M-baryons the matter in neutron star really goes down
into a deeper potential well. But it is ompressed due to slow aumulation of MM, and this
proess is purely adiabati for O-matter and there is no heating in O-setor. All heating
and emission and restoration of energy balanes our in mirror-setor. I propose several
simple Gedankenexperiments illustrating that.
Let us have an O-neutron star and over it with an ideally reeting surfae. Let this
star be ie old. Let us all the baryons in this star blue ones. Let red (ordinary matter)
baryons fall slowly onto this star. Of ourse they will emit radiation, but let the aretion
rate be slow enough for them to ool down to the same ie temperature. The reeting
surfae between blue and red baryons does not allow the interiors to absorb any radiation.
The total mass of red matter grows together with the gravitational binding energy, total
energy of blue matter dereases, the blue interiors do ompress indeed, but they remain
ie old!
Now replae the red baryons with mirror matter and we need no reeting surfae at all,
beause the radiation of mirror photons (whih keeps all energy balanes) is harmless for
blue baryons. There is no eet of heating.
When one ompresses gas it heats up - but only if it is already hot, T > 0, S > 0. If
one ompresses adiabatially then T grows, but S = onst. If we lose heat, then T may still
grow, but S goes down (like in lassial stars). Here I always mean S per unit baryon.
But now we disuss the ase of old objets, T = 0, S = 0. Whihever strong ompression,
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T does not grow if S = onst. It remains zero. To inrease T one must have a strong non-
adiabati proess, beause S must grow. Slow aretion of mirror baryons is an adiabati
proess for O-neutron star, hene no growth of T whihever deep potential well develops.
One must produe a shok wave, or something like this, to heat it up.
Let us onsider a harged ball of mass 0.1 kg falling in terrestrial gravity and zero eletri
eld E = 0 into a potential well (a dieletri hole) from 1 m. It must emit around one J until
it omes to rest and to a old state at the bottom of the well. Now let us swith on E 6= 0 of
suh a strength that the potential well is muh deeper, say 100 J. Now, after the falling, the
ball must emit 100 J. Finally, let us take the situation similar to an areting neutron star:
let us have the ball already at the bottom of the well in ase of E = 0 (this is our neutron
star and zero admixture of MM) and then let us start inreasing E slowly (adiabatially!)
 this is the analog of slow aretion of MM partiles and adiabati hange of gravity  the
ball omes to a very deep potential well of 100 J. But it emits virtually nothing: it feels only
adiabati ompression by eletrostati fore, and if its temperature was T = 0 K initially, it
will remain so forever! The same must be for the neutron star areting MM.
If the reader does not like the eletri eld, one an do the same Gedankenexperiment in
a potential well with artiial gravity (say in an aelerated laboratory, hanging the fore
of engines adiabatially, i.e. slowly).
To make my ounterexamples extreme let us take one O-atom, say of H and put it inside
a loud of rareed M-matter. Let the M-loud eventually to ollapse to a star, and then to
an M-neutron star with our atom in its enter. It is still old but it is in a deep potential
well, like a 100 MeV/baryon solely due to the gravity of M-baryons. We need this order
of energy to pull it out of the well. Do we need any proess for our atom to emit 10 % of
its mass? No, it ould not do so. It was never exited. The energy was surely emitted by
M-baryons in their M-photons, neutrinos et. beause they had to stop during aretion.
This is lear also in quantum language: any system in a ground state will stay in this
state when the potential hanges adiabatially. There are no exitations, no heating unless
there are non-adiabati perturbations.
That is why the Hawking radiation of blak holes is so weak (if any): the adiabatiity of
virtual modes an be violated only for wavelengths of order Rg, hene suh a low T of a BH
(due to Wien law for a wavelengths of a few km) for stellar masses.
The limits on neutron star heating by aretion of mirror baryons and other intersing
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eets are disussed more quantitatively in the paper [61℄.
7. MICROLENSING
Invisible stars an be found by eet of mirolensing. Those objets are alled now
mahos. Below I will write maho for Massive Astrophysial Compat Halo Objet and
MACHO for the ollaboration [62℄ studying them . For mirror stars the eet of mirolensing
as a means to disover them was disussed in [6365℄. The dierene with marolensing is
that the image is not resolved, the eet is in the enhanement of the deteted ux of the
lensed objet due to the passage of the lens aross the line of sight.
The MACHO results [62℄ of photometry on 11.9 million stars in the Large Magellani
Cloud (LMC) has revealed 13 - 17 mirolensing events. This is signiantly more than the
∼ 2 to 4 events expeted from lensing by known stellar populations. If true, this points to
the existene of stellar-like invisible objets in halo of Milky Way, perhaps MM stars.
Not all DM in the halo may be in maho, only a fration, usually denoted by f . MACHO
group (LMC) has given for the halo fration 0.08 < f < 0.50 (95% CL) to mahos in the
mass range 0.15M⊙ < M < 0.9M⊙. EROS ollaboration has plaed only an upper limit on
the halo fration, f < 0.2 (95% CL) for objets in this mass range. Later they have given
f < 0.1 for 10−6M⊙ < M < 1M⊙ (see refs. in [66℄). AGAPE ollaboration (working on
mirolensing of M31 - Andromeda galaxy) nds the halo fration in the range 0.2 < f < 0.9.
(See [67℄ where arguments are given in favor of true halo mahos against self-lensing by
ordinary stars in M31.) The MEGA ollaboration marginally onits with them nding a
halo fration f < 0.3 [68℄ .
Thus, the results of dierent groups are partly oniting and quite onfusing for a the-
orist. Some workers even delared the End of MACHO Era (1974-2004), e.g. [69℄.
Based on the results of MACHO group Bennett [70℄ has onluded that mahos are real
and lensing optial depth is τ = (1.0 ± 0.3) × 10−7 . This is not far away from the old
MACHO value of τ = 1.2 × 10−7, but the error is so large that it is within <∼ 2σ of the
eet from ordinary stellar populations alone [71℄. Evans and Belokurov [71℄ onrm lower
number (optial depth τ) of mahos to the LMC from EROS [66℄ ollaboration, who have
reported τ < 0.36× 10−7. But there is a new paper of the same group  in favor of mahos
from binary star studies [72℄ putting arguments against the pessimisti onlusions of [69℄.
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Most reent study with HST (Hubble Spae Telesope) follow-up shows that MACHO
ollaboration data are not ontaminated by bakground events [73℄, and this adds some
optimism to those who believe that invisible stars do exist.
Mirolensing results do not allow us to have too many invisible stars. Let us take their
loal density like 8·10−4M⊙/p3 (solar masses per ubi parse), i.e. two orders of magnitude
lower than the number 0.076 ± 0.015M⊙/p3 given by Hipparhos satellite from aurate
studies of dynamis of visible stars.
If about half of them are white dwarfs (this is quite likely in MM-setor) then we may
have ∼ 2 · 103 mirror white dwarfs within 100 p  just one order less than visible white
dwarfs (Holberg et al. [74℄)  and the hanes to nd a few of them very lose to us appear
nonzero.
8. LIMITS ON SELF-INTERACTING DM
Reently the luster of galaxies 1E 0657-558 (Bullet luster) has drawn general attention.
It is an example of ollision of two lusters, whih gives new lues to the proof of reality
of DM and pauses diulties for alternatives to DM like modied gravity (MOND). Here
it is lear that the DM distribution, whih is traed by the eet of lensing, follows the
distribution of stars and galaxies (whih are eetively a ollisionless gravitating gas) and is
shifted from hot X-ray emitting gas whih dominates the baryon mass in the luster [7577℄.
Many physiists tend to use this example as a diret proof of a small ross-setion of self-
interation of DM partiles. In reality it proves only what is observed and nothing more: DM
behaves like ordinary stars whih interat only by gravity and form a ollisionless matter.
But of ourse O-stars are made of strongly and eletromagnetially interating partiles.
Let us take another example, the luster MACS J0025.4-1222 whih is similar to the
Bullet luster. It is found there that the DM ross-setion obeys the limit σ/m < 4 m2g−1
[78℄. But this limit would be true for DM partiles only if they do not form bound objets!
If DM there is anything like our normal solid bodies, say ie with density like 1 g m−3 with
the size r larger than a few m, then this limit is very well satised (σ is ∝ r2, while mass
is ∝ r3).
So if the properties of DM partiles are similar to our partiles, and they are able to
form stars, planets, asteroids, et. (like MM), then all observations of the merging lusters
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are reprodued. However, we have to squeeze a major fration of MM partiles into those
ompat objets, not leaving a large fration in the form of gas like we have in OM in lusters
of galaxies where the O-gas dominates in baryon omponent.
Dark matter in the Abell 520 luster presents another ase, diult for CDM withWIMPs.
In ontrast to the Bullet luster, the lensing signal and the X-ray emission oinide here,
and are away from galaxies indiating that DM is ollisional like in O-gas: . . . a mass peak
without galaxies annot be easily explained within the urrent ollisionless dark matter
paradigm [79℄. Thus Abell 520 luster indiates a signiant self-interation ross-setion.
In MM model we may get this leaving a major fration of DM in form of gas. It is hard
for the WIMP based dark matter models to reonile suh a diverse behaviour. Mirror dark
matter models, on the ontrary, are more exible and for them diverse behaviour of the dark
matter is a natural expetation [52℄.
L.B.Okun said: MIRSY Dark Matter is riher than SUSY Dark Matter.
Other interesting examples, like Hoag's objet, are also disussed by Silagadze [52℄.
9. CONCLUSIONS
I an draw a few onlusions from the above skethy notes, anyway, some of them are
important in general studies of Dark Matter andidates.
It is lear that the onepts of virial veloity or virial temperature are not always relevant.
One should not use the limits on self-interation ross-setions derived from observations
of olliding lusters as ross-setions for individual partiles: they may form marosopi
bodies.
The eet of the heating of OM interstellar medium by MM neutron stars and white
dwarfs is very weak but may be observable. One has to searh for weak but high proper
motion peuliar objets, espeially in radio-range. Relation of these problems to RadioAstron
mission and LOFAR [80℄ may be disussed and requires a detailed modeling. Peuliar binaries
with low luminosity omponents, espeially in star lusters, are also interesting.
The eet of the heating of OM neutron stars by aretion of M-baryons is negligible.
There are several arguments in favor for MM (or other hidden setor DM) searh:
 Non-detetion of WIMPs.
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 Unknown properties of DM partiles with respet to lustering on stellar-size and mass
sale.
 Mirolensing: lak of normal stars to explain maho events.
 Clusters of galaxies like Abell 520 whih are hard to explain in pure CDM piture.
 New kinds of mysterious transients like reported by K. Barbary et al., [81℄ may be
explained by MM objets [61℄, anyway it must be a very unusual aretion event [82℄.
 One may speulate on possible MM life and intelligene (L.B.Okun, N.S.Kardashev).
MM-baryons may form stellar-mass/size ompat objets, so they are interesting for mi-
rolensing, however, the urrent situation with observational data on mahos is not satis-
fatory: there are oniting results of dierent groups. It seems that total DM halo mass
in Galaxy annot be explained by invisible stars, then more probable model for DM is a
ombination CDM+MM, or WDM+MM, where WDM is Warm Dark Matter. WDM may
be, e.g., a sterile neutrino (with mass few keV) or gravitino [8386℄.
Another window into the Mirror World may be photon - mirror photon mixing. There are
strong limits on this mixing: orthopositronium experiments put an upper limit ǫ < 1.55·10−7
(90% C.L.) [87℄. Nevertheless, even smaller value of ǫ ∼ 10−9 an explain DAMA/LIBRA
experiments [38℄. One should analyze experiments like DAMA, taking into aount this
option, and if ǫ 6= 0 look for transformation of invisible mirror photons into visible ones.
Other exoti eets are possible for ǫ 6= 0, e.g. MM e−e+ transformations into OM e−e+
in M-pulsar, or a mirror magnetar, looking as a peuliar objet with strong B ∼ 106 G
(D.Kompaneets).
I have not disussed osmologial evolution of MM. It is not lear a priori that pure
MM an give suient amplitude of perturbations to provide the DM boost for visible
matter struture formation: on the rst glane, it seems that MM has a relatively short
period of life in radiation-dominated era (ontrary to WIMPs) when there is a logarithmi
growth of perturbations. Nevertheless, MM is able to replae Cold Dark Matter (CDM)
in evolution of perturbations [63, 88, 89℄. The question was analyzed in detail in [88, 89℄
for various mixtures of MM and CDM. It is demonstrated [89℄ that the LSS (Large-Sale
Struture) spetrum is sensitive to MM parameters, due to osillations in mirror baryons
and the ollisional mirror Silk damping. If TMM < 0.3TOM in Early Universe then M-baryons
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will deouple from M-radiation before horizon rossing, and then as soon as they enter
horizon, they do not osillate, but grow exatly as CDM would do in radiation-dominated
universe. Then CMB and LSS power spetra in linear regime are equivalent for mirror and
CDM ases. For TMM > 0.3TOM the LSS spetra strongly depend on the amount of mirror
baryons, but for lower TMM the entire dark matter ould be made of mirror baryons given
urrent observational limits on the CMB and LSS spetra.
Due to lower TMM a larger fration of mirror He is produed in osmologial nuleosyn-
thesis, than in OM, hene faster stellar evolution follows [65℄. It may result in lower fration
of MM intergalati gas whih is needed for explaining ases similar to Bullet luster.
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